Chemical contrast at subwavelength spatial resolution ͑/10͒ is achieved using a fiber-based, infrared near-field microscope, at 3 m wavelength. Chemically amplified polymer photoresists ͑poly͑t-butylmethacrylate͒͒, patterned by ultraviolet radiation and 250 nm thick, are imaged using infrared ͑IR͒ wavelengths situated around the OH stretch band of the polymer, a region sensitive to photochemical changes associated with latent image formation. The key technical points that enable near-field infrared absorption measurements down to 0.05% absorption sensitivity are discussed together with the major contrast mechanisms involved in image formation. The measurements are complemented by confirming studies using confocal infrared microscopy and depth profiling. The exposure dose dependence of the acid catalyzed chemistry, after the postexposure bake step, was studied on line/space patterned samples. The OH subgroup absorption maps of the patterned polymer film exhibit features that are not present in the topographical changes ͑shrinkage͒ induced by the postexposure polymer chemistry and illustrate significant potential of the IR near-field microscopy as an analytical tool for polymer chemical physics.
I. INFRARED MICROSPECTROSCOPY

A. Classical infrared microspectroscopy
Microscopic mapping of sample chemistry is essential in very different fields ranging from art restoration to materials science. In many cases, detecting and quantifying chemical modifications of microscopic regions of a sample directly, without special preparation or destruction of the sample, is of utmost importance. Infrared ͑IR͒ microspectroscopy is an exceptional tool from this point of view since it relies on the combination of IR spectroscopy and optical microscopy and gives spatially resolved access to the vibrational spectrum of molecules, which is sensitive to the molecular chemistry of the sample. Due to its noninvasiveness, Fourier transform IR microspectroscopy ͑micro FTIR͒ is probably the most popular method for chemical microscopy. 1, 2 The region of the infrared spectrum which is of greatest interest is the wavelength range 2.5-20 m (4000-500 cm Ϫ1 ), although the near infrared also has recent applications. 3 The region beyond 5 m (2000 cm Ϫ1 ) can become quite complex and is often referred to as the ''fingerprint region.'' The chemical structure of composite polymer films can be characterized in this way by a straightforward, model-independent analysis. 4 However, the spatial resolution of FTIR microscopy is limited by diffraction to 2-15 m, depending on wavelength.
B. Near-field infrared microscopy
The fundamental diffraction limit of classical microscopes is circumvented in near-field scanning optical microscopy ͑NSOM͒. 5, 6 In this case, the resolution is roughly set by the NSOM probe size, and it depends on the detailed optical interaction between the probe and the sample. The contrast mechanisms of classical IR microscopy are preserved in IR NSOM, whence the appeal of the technique. However, new contrast mechanisms specific to the near field can occur, and care must be taken in the experimental design to obtain results that permit a model-independent analysis.
Although in principle promising, the implementation of infrared near-field microscopy is confronted with several practical problems. One of the aims of this article is to expose these problems and describe several solutions implemented. The solutions are not unique, but are well matched to polymer photoresist characterization. A variety of results demonstrate the ability to probe polymer photoresist materials with chemical subgroup specificity after ultraviolet ͑UV͒ exposure and postexposure bake. Beyond these particular material investigations, we believe that careful design of the setup may enable the IR NSOM technique to solve many analytical thin polymer film and biomaterials characterization problems.
II. POLYMER FILM SAMPLES
A. Chemically amplified resists
Features well below 100 nm are now attainable by deepultraviolet interferometric lithography [7] [8] [9] while electronbeam, extreme UV, and X-ray proximity lithography reprea͒ Author to whom correspondence should be addressed; electronic mail: srl@jila.colorado.edu sent future technologies for even higher resolution. All these technologies require high-sensitivity chemically amplified polymeric resists. In this case, the lithographic image formation is the result of three generic steps: exposure, postexposure baking, and dissolution. 10 With exposure, a latent chemically encoded image is formed. The postexposure bake intensifies this image, often by acid catalyzed chemistry. The final dissolution develops the pattern by selectively removing the exposed ͑positive͒ or unexposed ͑negative͒ resist.
Due to the presence of reactant concentration gradients caused by light intensity variations at the edges, the local chemistry of a submicron feature can be quite different from the bulk. Important phenomena that limit the lithographic resolution are the diffusion of photogenerated acid during the postexposure baking step and random fluctuations in the width of a resist feature, termed line-edge roughness. The line-edge roughness develops at the dissolution step, but it is actually related to the projected ͑aerial͒ UV image contrast. 8 The patterned result after the dissolution step, being the last in the process flow, is readily characterized by scanning electron microscopy ͑SEM͒ or, for low aspect ratios, by atomic force microscopy ͑AFM͒. The postexposure baking step can also be partly characterized by AFM, revealing the topographic changes that generally occur at this stage and even after the exposure step for both negative and positive-tone resists. 11 However, the important chemical changes occurring in these steps may not always simply correlate with the topographic changes. Chemically specific techniques like onwafer fluorescence microscopy were developed and used to monitor photoacid production. 12, 13 However, the fluorescent molecular probes incorporated into the polymer film may affect the acid activity. IR NSOM has certain advantages over the above mentioned methods: it is nonintrusive, it achieves much higher spatial resolutions than conventional optical microscopies, and it generates chemical and topographic images at the same time, offering the ability to follow the chemical modifications directly.
B. Infrared spectroscopy of the resist sample
In transmission NSOM, the transfer of light between the far and the near field occurs with great losses, regardless of the type of microscope in use. Broad spectral sources like those used in micro-FTIR have insufficient brightness for use in near-field microscopy. Therefore, synchrotron radiation or IR lasers are required for near-field spectroscopy.
We use a cw color-center laser ͑2-4 mW͒, pumped by a Kr ϩ ion laser, tunable from 2.3 to 3.25 m (4350-3075 cm Ϫ1 ). In this spectral region, both C-H and O-H stretching vibrations have absorption bands. The C-H stretch is ubiquitous in organic molecules, and the OH bond is advantageous for chemically selective microscopy. We chose therefore to study the poly͑tert-butylmethacrylate͒ ͑PTBMA͒ photoresist, one specific example from a family of acrylate photoresists that show promise for deep-UV lithography, 10 and whose deprotected form, poly͑methacrylic acid͒ ͑PMAA͒ has an O-H functional group. The resist samples are films of PTBMA containing 5 wt % of the photoacid generator triphenylsulfonium hexafluoroantimonate. To illustrate the spectral changes, the two IR spectra presented in Fig. 1 are recorded at different points in the process. For routine infrared spectra, the PTBMA film was prepared by spin coating a solution of the polymer onto a sodium chloride plate and then heating on a hot plate at 130°C for 5 min to drive off the casting solvent. The spectrum on the left was recorded with a FTIR after the postapply bake. The film thickness at this point was 3.9 m. The film was then exposed to UV light in the range of 200-300 nm, which causes the photoacid generator to form hexafluoroantimonic acid. The exposed film was heated at 130°C for 5 min, which activates the thermal deprotection chemistry. The spectrum on the right was recorded at this point. Evolved gaseous isobutylene ͑Fig. 1͒ leads to a somewhat thinner film. The most prominent changes in the IR spectra are the appearance of a broad hydroxyl absorption in the frequency region 2500-3500 cm Ϫ1 and the loss of several absorptions associated with the t-butoxy group in the range 800-1500 cm Ϫ1 . The films prepared for IR NSOM studies were 250 and 1000 nm thick, PTBMA plus photoacid generator on sapphire substrates, exposed using a contact mask with a pattern of UV light at 250 nm wavelength and postbaked. The maximum UV dose was 21 mJ/cm 2 .
III. IR NSOM APPARATUS
The NSOM apparatus is based on the coated-fiber method developed by Betzig et al. 14 and on the tuning-fork approach of Karaï and Grober, 15 for the shear-force feedback control. Infrared transparent fibers composed of zirconium aluminum fluoride, transparent from 0.45 to 5.0 m, are used.
A. Infrared fiber tips
The inherently inefficient transfer of light energy between the near and far fields is the major problem in near-field microscopy. This problem is exacerbated by the use of IR wavelengths. For aperture microscopes based on optical fibers, 14 maintaining the same size aperture while transmitting longer wavelengths through the fiber requires longer evanescent propagation distances in the evanescent mode through the taper. Therefore, special techniques must be applied to create a low aspect ratio taper. Multiple step processes such as variable-pulling rates, 16 or combinations of selective etching, pulling, and focused ion beam milling, 17, 18 all aim to produce a multiple taper structure, which improves the throughput by orders of magnitude with respect to singletaper fibers. In the present work fiber tips obtained by the variable-pulling method were used. 16 The tips were fabricated from fluoride glass fibers, transparent between 0.45 and 5.0 m. They resemble a steeple-on-a-mesa, with a 200-300 nm aperture obtained by lateral coating with 120 nm thick Al by thermal evaporation in a custom-built vacuum chamber with a base pressure of ϳ10 Ϫ6 Torr (7.5 ϫ10 Ϫ3 Pa͒. 16, 19 The deposition rate was 5-10 nm/s. A quartz microbalance was used to monitor the rate of deposition and the thickness of the metal film. The tips were fixed at an angle of 40°and rotated continuously at a rate of ϳ2 s Ϫ1 during the coating process. Since the reproducibility of the tip fabrication critically depends on pulling parameters, the fibers were checked prior to use by two methods. By SEM we measured ex situ the aspect ratio, the coating quality, and the aperture size of the tip. The optical quality of the aperture was characterized by sending 633 nm light into the fiber and focusing the light emerging from the aperture through a microscope objective onto a charge coupled device camera. Ideally, the far-field pattern recorded by the camera should match the diffraction pattern for a subwavelength aperture ͑the Airy diffraction pattern͒. Occasionally, leakage of the 633 nm light was noticed. In this case the Airy disk pattern is strongly perturbed. We presume that the cause of the leakage is roughness of the Al coating. The metal film coating quality depends on deposition rate, and vacuum, as well as on the initial fiber preparation ͑stripping of the polymer cladding͒.
The far-field throughput of our fiber tips at 3 m wavelength is 10 Ϫ4 -10 Ϫ5 relative to the throughput of a cleaved fiber. 16 The percentage of successful pulled tips is roughly ϳ50%, but we found that it depends on the fiber batch; fibers with the same specified optical characteristics, but from different manufacturers, behaved quite differently during the pulling.
An increased interest arose in the last years to use chalcogenide glass fibers. 20, 21 These fibers have a larger IR transparency range, up to 11 m, but are not transparent in the visible, and they can be conveniently etched, producing tips with good throughput at long wavelengths. 22 However, fiber etching leaves the taper much rougher when compared to pulled fibers. This fact could allow lateral leakage of light through the subsequently deposited metal coating, which makes the fabrication of a circular aperture difficult.
In the case of apertureless microscopes ͑using AFM tips͒, [23] [24] [25] [26] the near-field scattered intensity varies with the wavelength as Ϫ4 , and therefore in this case it is also more difficult to couple light at IR wavelengths. The extraction of the near-field signal from the far-field background scattered by the AFM tip is a difficult but solvable technical problem, requiring special optics for the IR. The apertureless microscope represents a promising method; since it has no spectral limitations, it lacks the lossy evanescent transmission region of the fiber tips, and it can take full advantage of the well-developed AFM technology.
B. Detection
For IR radiation at 3 m, a good detector is the liquid nitrogen cooled photovoltaic InSb detector. However, this detector is much less sensitive than a photomultiplier working in the visible. Because detectors of this type have detectivities approximately 4 orders of magnitude lower than photomultipliers, great care must be taken in the IR NSOM setup to maximize the detection sensitivity and light collection. A photovoltaic InSb detector is often limited by the shot noise in the amplifier or by the background IR radiation. If the detector is limited by the background IR radiation, the noise current can be decreased in two ways: first, by providing the detector with a cold field of view, and second, by using a small area detector. Our detectors have an active area of 0.015 mm 2 and a cooled field of view of 10°. The calculated detectivity is in this case ϳ10 12 cm Hz 1/2 /W ͑at 1 kHz͒. The electronic bandwidth of the detector is 0.1 Hz-1.5 kHz.
In practice, the largest source of noise is frequently the laser intensity stability. The sensitivity of detection can be improved by rejecting the laser amplitude noise in a differential scheme, Fig. 2 . The recorded variables are the same as in a traditional transmission spectrophotometer. The laser beam is chopped at 1 kHz, and lock-in detection of the signal/reference is performed with a bandwidth of ϳ100 Hz. Due to the bandwidth limit, a scan of 256ϫ256 pixels takes at least 15 min.
Thorough vibration control of the NSOM within the 0.1-500 Hz range is achieved by having a massive body for the NSOM instrument itself and positioning the instrument on a floating benchtop. In a closed loop, ͑constant shear force͒ the system is characterized by a vibrational noise of
, a value comparable with the thermal displacement noise of the tip at room temperature. 27 The near-field IR light exponentially decays from the sample surface, and therefore the mechanical noise is greatly amplified in the optical signal arm. This is the reason one has to minimize the system vibrations within the optical detection bandwidth. Less high-frequency mechanical noise also extends the tip lifetime.
IV. INFRARED IMAGE FORMATION
In previous work on the same type of films, 16 it was shown that the IR NSOM contrast between exposed/ postbaked and unexposed lines was greater than what one would expect from simple absorption. As the images were taken in both constant gap and constant height modes without important changes in contrast, we ruled out the possibility of topographic artifacts. 28 The high contrast of images in Ref. 16 was explained by the division of the far-field emission pattern into two collection angle regions: an allowed and a forbidden zone. 28 The sample interfaces are parallel in our setup and some of the light rays emerging from the NSOM aperture were totally reflected by the sapphire substrate at the air interface. The angle of the ''allowed'' light cone depends on whether the tip is positioned above an exposed or unexposed region of polymer, because of a difference in the indices of refraction. When the numerical aperture ͑NA͒ of the collection objective is greater than the ''allowed'' light cone, this angular difference generates the main contrast, which is refractive in origin. For analytical purposes we are interested mainly in chemical subgroup specific pure absorption contrast, and one way to separate this contribution from the larger, refractive contribution is to decrease the NA of detection. Having the collection angle smaller than the minimum critical angle will minimize the angular differences between the allowed light cones. The results of the present work are all acquired in this way. There still will be some refractive contributions from reflectivity differences, from the nonisotropic angular distribution within the light cone, and from variations of the refractive index in the vicinity of an absorption band ͑Kramers-Krönig relations͒. Some of these effects have been calculated 16 and shown to be negligible. Later we will discuss an experiment to determine if the low NA approximation is legitimate.
A. IR confocal microscopy results
When pure absorption contrast is achieved, the results should not be different between the near and far field. A far-field confocal microscope was used to image a patterned film whose thickness ͑500 nm͒ was well below the wavelength of the light ͑ϳ3 m͒. In this situation ͑far field and thin films͒, the importance of the refractive mechanism is greatly decreased. We obtained images of 8 m line features written in the polymer photoresist and after the postexposure bake, only in the wavelength range of 2.95-3.02 m ͑within the OH band͒, and no contrast at wavelengths shorter than 2.75 m ͑off the band͒ ͑Fig. 3͒. The images in Fig. 3 length and with a collimated beam. We predict a value of 1.6%. In reality, the beam is divergent through the length of the film, and this value is an underestimate because of the longer path length. In the images of Fig. 3 we obtained an experimental transmission contrast of 2.0%Ϯ0.3%, close to the predicted value. The estimated error in the experimental measurement corresponds to the large scale spatial variations observable on infrared images taken at slightly different wavelengths ͑Fig. 3͒. We believe these variations reflect a nonuniform illumination field at the fiber end. The small disagreement between the calculated and the experimental values for the contrast might be also due to the fact that confocal microscopy is sensitive to interface variations, not only to the optical constants. 29 Nevertheless, this should be only a weak effect since the shrinkage of the exposed and postbaked film is ϳ100 nm for a 21 mJ/cm 2 dose, while the depth of field of the confocal microscope is ϳ25 m. The 100 nm change in thickness was measured on blank ͑unpatterned͒ films, processed under the same conditions as the patterned samples.
B. IR near-field results
Having obtained encouraging contrast with the confocal setup, the same detection scheme ͑with reduced NA͒ was used with a near-field tip. The same pattern ͑8 m/8 m line/space͒ was imaged in the constant height mode. In this case, the shear-force feedback is disabled. The average tip height above the surface was ϳ250 nm. The film thickness was 1 m. Due to the open loop, large area scans are possible at a reasonable speed. As discussed later in this article, images acquired in this mode are also expected to exhibit fewer topographic artifacts. 30 The IR NSOM images from Fig. 4 were taken at two different wavelengths: 2.80 m ͑a͒ and 2.94 m ͑b͒. One can easily notice the spectroscopically enhanced contrast in image ͑b͒ as compared to image ͑a͒. The image quality shows considerable improvement with respect to the confocal IR microscopy pictures in Fig. 3 . The image taken at the 2.80 m wavelength still shows some contrast, mainly at the borders between the irradiated and nonirradiated areas. Since we expect ϳ400 nm shrinkage of the 1 m thick film upon postexposure bake, the deep edge formation could explain the presence of contrast via refractive mechanisms. For this reason, for the rest of this article, we will discuss only data that were acquired on thinner films ͑250 nm thick͒. One should also note that the vertical edges of the features in Fig. 4 are sharper than the horizontal edges. This is more apparent in image ͑a͒. Since the IR radiation is linearly polarized, it is possible that the enhancement of the edge contrast is a polarization effect. A similar effect has been described in the literature. 31 However, the previous work was done in reflection, at constant gap, and on metal structures. Because of all these differences, it is difficult to conclude whether the polarization effect has the same origins or not.
To obtain maximum spatial resolution, the near-field images need to be acquired in the constant gap mode ͑ϳ10 nm, using shear-force feedback͒. Constant shear-force ͑topo-graphic͒ and IR images at 2.97 m wavelength, for a 1 m/1 m line/space pattern on a 250 nm thick film are presented in Fig. 5 . Average horizontal cross sections of the IR and topographic images are also included. This line/space pattern is close to the limits of this particular NSOM tip in terms of spatial resolution. Thus both the contrast and clarity of the image are degraded compared to images of wider spaced lines. The deeper zones in the topographic image correspond to more strongly absorbing zones in the IR image, as expected. The UV dose was 21 mJ/cm 2 . The maximum absorption modulation, 0.5%, is less than the expected value from the experimental determinations in far field. Here we define the absorption modulation as the difference between the peak and the valley signals divided by the average signal. Below 2.8 m wavelength there was no contrast at all in the optical scans. It is important to emphasize here that in Ref. 16 , where a high NA collection was used, we observed ϳ10% optical contrast even at nonresonant wavelengths. The results suggest that the present near-field data are close, indeed, to a pure absorption contrast.
The shrinkage of the polymer in the topographic image of Fig. 5 has four weak local maxima ͑ϳ3 nm high͒ along the unexposed lines ͑light regions͒. This secondary pattern in the region of the geometrical shadow of the mask may be explained by diffraction of the UV light ͑250 nm wavelength͒ on the proximity mask edges and interference of the secondary waves within the geometrical shadow region. 19 In the IR image, the unexposed lines have a comparatively deeper single secondary maximum ͑Fig. 5͒. It is interesting to note that merely having a lower optical resolution than the topographic resolution cannot explain why the secondary minimum in the absorption image is so deep. Making a convolution of the secondary topographic structure with a large optical aperture would only wash out the structure. The difference suggests that the polymer shrinking does not follow the same dependence on the photochemistry and postexposure bake chemistry, at least at the low exposure levels involving the unexposed areas.
A simple scalar Kirchoff-Fresnel approach for near-field diffraction on amplitude masks also indicates the presence of a significant level of UV exposure within the masked regions. 19 Since the maximum dose of 21 mJ/cm 2 is close to saturation, a residual UV level in the unexposed regions will decrease the contrast of the latent image with respect to the one expected from a geometrical shadow approach. On larger line/space patterns, as those from Fig. 3 , the edge effects at the UV exposure step are not important and therefore the contrast is closer to the value expected from the geometrical shadow model.
IR sensitivity and optical resolution
The apparent spatial resolution of the IR image from Fig.  5 is at least 500 nm. The nonaveraged signal-to-noise ͑S/N͒ ratio is ϳ2. In addition to the pattern smearing due to interference, we found that another cause for the small S/N value is the angular pointing stability noise of the Kr ϩ laser beam that pumps the color-center laser, thus affecting the pointing of the color-center beam. The I versus I 0 detection does not work in this case since the reference and the signal beams have different responses to angular perturbations. Since this is a very low frequency noise, it can be seen in the optical image of Fig. 5 as horizontal streaks. However, the averaged line scan ͑over 100 lines͒ has a better S/N ratio ͑ϳ20͒.
Therefore, in the averaged mode, much thinner films ͑down to 50 nm thick͒ could be characterized, at this resolution, with an absorption sensitivity of ϳ0.05% ͑cf. Fig. 5 , line scan graph͒.
Due to the fact that the fiber tip throughput decreases rapidly with decreasing aperture diameter, a tradeoff exists between spatial resolution and absorption sensitivity. If we consider the same film thickness of 250 nm, smaller apertures down to 150 nm could be employed. To calculate the minimum aperture diameter of 150 nm, which gives a S/N ratio of 1 in the averaged mode, we started with a S/N ratio of 100 for a 300 nm aperture and supposed that the optical throughput scales as the fourth power of the aperture radius. 32 For lateral characterization at resolutions beyond 150 nm, other methods will need to be employed. In particular, the problem of acid diffusion, during postexposure bake, will require a better spatial resolution. The positive-tone chemically amplified resists based on acrylic polymers are used in advanced deep ultraviolet ͑DUV͒ photolithography applications, where the resolution requirements generally exceed the 150 nm limit expected for the present aperturemode NSOM instrument. However, the photoacid diffusion problem can be still treated given that the acid mobility varies strongly with the temperature. Characteristic lengths greater than the optical resolution can then be obtained, by adjusting the postexposure bake time and temperature. To what extent the results may be extrapolated to smaller length scales remains to be established in the future.
The observed ratio between the full width at half maximum ͑FWHM͒ of the exposed and unexposed lines in Fig. 5 is not unity as might be expected from the binary mask pattern. This fact, too, could be explained at least partly by the interference pattern occurring behind the mask during the UV exposure. In the case of the topographic features that correspond to the exposed zones, the apparent lateral narrowing possibly contains some contributions from the low aspect ratio NSOM tip. Deep features in topography cannot be reached by the tip, and the resulting topographic image is a spatial convolution between the tip shape and the real feature. The tip shape effect can be expressed as a depthdependent lateral resolution of the shear-force technique: large height variations can be probed only when they occur on a long-range lateral scale. In the case of the optical image, the IR beam emerging from the aperture can be considered collimated over distances comparable to the aperture diameter. 33 This means that the entire thickness of the polymer film ͑250 nm͒ is probed by the light with the same lateral spatial resolution, and the FWHM of the IR line is likely to be a true representation of the linewidth. We theoretically estimated the minimum UV exposure within the shadowed areas. 19 The diffracted UV light also results in the narrow series of ridges observable on the top of unexposed lines in the topographic image. For a 2 m/2 m line/space pattern the diffracted UV exposure is ϳ2.5% of the peak exposure, while for the 1 m/1 m line/space pattern the diffracted UV exposure reaches ϳ5.2% of the peak value. Because of acid catalyzed chemical amplification during the postexposure bake, the residual UV light from the unexposed areas leads to a decrease in contrast of the latent image. As a consequence, the relatively low contrast of the nonaveraged 1 m pattern made us try larger features, 2 m line/space, for which the smearing of the aerial UV pattern due to interference contributions should be less. Another consequence of the residual ͑diffracted͒ UV exposure is an increase in IR absorption in the center of the unexposed lines, as a result of the deprotection chemistry. This creates an appearance of line doubling, a phenomenon that has been encountered in studies of metal diffraction gratings by reflection NSOM. 34 The two experiments differ, however, because: ͑1͒ the ''double beating'' as well as most of the contrast disappears in our experiment when working at nonresonant wavelengths; ͑2͒ the IR patterns presented here have a correspondence in topography, although the IR and topographic maps are qualitatively different; and ͑3͒ the data in Ref. 34 concern reflection-mode near-field microscopy and metal gratings, as compared to transmission microscopy and dielectric gratings in the present work.
The results of Fig. 6 , taken with 2 m/2 m line/space features, show higher contrast at 10.3 mJ/cm 2 UV dose, than the 1 m pattern in Fig. 4 at 21 mJ/cm 2 . The optical image of the film appears to be more inhomogeneous in the bottomright corner of the IR image, while the topographic image does not show the same perturbations, except for the raised bright spot, which is probably a dielectric particle. The domains in the IR image that do not correspond to noise streaks in the topographic image were observed in many of the IR images. They have a lateral size of ϳ500 nm and represent differences in IR absorption of 0.1% with respect to the nonexposed surface. Their origin is not known at the moment, but their existence illustrates very well the potential of the method.
The higher contrast on this pattern allows us a better consideration of the question of spatial resolution. There is a periodic signal on one axis and by examining the Fourier transform of the signal it is possible to establish the modulation transfer function of the microscope. 35 In Fig. 7 we compare the amplitudes of the Fourier transforms of the IR and topographic line scans, as well as the calculated incident UV intensity. In Fig. 7 we used the set of data from Fig. 6 . One can see that the optically transmitted spatial frequency peaks span at least up to 320 nm (3.13 m Ϫ1 ), which represents the same resolution limit as in Ref. 16 .
Comparison between the infrared and scanning force characterization: Exposure dose dependency
The Fourier transforms of the topographic and IR signals are qualitatively similar ͑Fig. 7͒. This is not surprising considering that the shrinkage should be proportional to the deprotection reaction. However, modifications to the specific volume of a polymer ͑as shrinking͒ are the result of complex phenomena, 36 while the IR absorption modulation is, in principle, determined by a much simpler relationship to the acid catalyzed chemistry. The IR images are directly related to the number of OH subgroups and their absorption strength. The connection between the shrinkage and the IR spectra can provide valuable information on the physico-chemical processes occurring during the exposure and postexposure bake steps. To quantify the IR/shrinkage connection we studied how the IR and the topographic lines change with the exposure dose. The cross-sectional area of an exposed line, measured by IR NSOM, should be proportional to the polymethacrylic acid concentration -the deprotected form of poly͑tert-butyl methacrylate͒. Figure 8͑a͒ shows the normalized variations of both topographic and IR line-scan integrals of exposed lines with UV dose. The data were collected by imaging patterns of 2 m/2 m line/spaces obtained at different exposure levels between 10.3 and 21 mJ/cm 2 , at the same postexposure bake conditions. While the topography varies only within 18% of the maximum exposure case, the IR modulation has 55% variations.
The measured topographic FWHM of exposed lines was remarkably constant (1.61Ϯ0.02 m) throughout the entire set of different exposures, whereas the modulation peak integral varies. This fact indicates that the topographic modulation is not limited by the width of the tip. For a tip-limited measure, there could not be depth modulation changes without width variation. Therefore, the tip reaches at least partly to the bottom of the exposed lines. The IR ͑exposed͒ lines are 1.62Ϯ0.04 m in good agreement with the topographic measures.
In Fig. 8͑b͒ we plotted the modulation of the IR signal against the amplitude of shrinkage modulation. We used the data from Fig. 8͑a͒ , and also, in order to extend the survey to small dose values, we used the 1 m/1 m line/space main modulation in Fig. 5 , as well as the small modulation interference on the top of unexposed regions ͑3 nm on the topographic images͒ due to the UV leakage under the mask. We consider it important to note in Fig. 8͑b͒ that for the small exposures the IR signal is stronger, relative to the shrinkage. Although the shrinkage ͑topographic͒ measurements and IR measurements show results similar to the dose, the nonlinear dependency in Fig. 8͑b͒ indicates that a threshold UV dose is necessary before the shrinkage may occur. Using the same formalism as in Ref. 19 , and extrapolating the experimental data from threshold ͑and nonlinear relation between the IR and topographic modulation͒ we propose that, at small doses, the volatile reaction product ͑isobutylene͒ remains trapped in the polymer matrix and the associated polymer swelling balances the shrinkage. We verified that the line-space width differences indeed occur by using the optical sectioning property of confocal microscopy. We used 633 nm light with a reflection confocal setup sketched in Fig. 2 . The lateral resolution was estimated experimentally at ϳ360 nm, while the depth of focus was 680 nm. When in focus, the 2 m line patterns present planar interfaces to the incident beam, and the theory behind the depth profiling under these conditions is well developed. 29 Instead of scanning the sample in the horizontal xy plane to get an image, we scan perpendicular to the pattern lines x while scanning in the z direction, normal to the surface. The resulting pattern is known as a ''cloud'' plot and has been used in the past for resist characterization. 35 The image in Fig. 9 gives such a plot taken on a 1000 nm thick film, with a 2 m/2 m line/space pattern. The expected shrinkage from nonpatterned samples is 39% or 390 nm. The variation in the indices of refraction from PTBMA to PMAA is small (⌬nϭ0.05). Because of this small difference, the image contrast in Fig. 9 is generated mainly by the topography at the different interfaces convoluted with a function that describes the light intensity distribution in the focal zone of the microscope objective. 29 In Fig. 9 the exposed lines are narrower than the unexposed ones. The FWHM of exposed lines is 1.51 m, in good agreement with the near-field measurements. We calculate from data in Fig. 9 the relative positions of the polymer surfaces. In order to do this we first find the depth response of a perfect mirror and then deconvolute it from the density plot of Fig. 9 . The height difference between the exposed and unexposed interfaces is 300 nm, or 30% shrinkage. This agrees with the data obtained by IR NSOM, but disagrees with the measurements obtained on unpatterned samples. Both features, unequal line/spacing and smaller than expected shrinkage, are most likely due to interference of the scattered UV beam on the mask edges. This interference will distort the patterned image and decrease the contrast, and therefore the shrinkage, by irradiating both shadowed and exposed zones at the same time. It is worth noting that when the line dimensions are considerably larger, and the edge effects are relatively small, as is the case in Figs. 3 and 4, exposed and unexposed zones are equally spaced.
Far-field contributions
The question arises whether in a transmission microscope, like the one used in this work, the far-field contributions will interfere with the near-field measurements. It is known that the spatial resolution remains approximately constant at depths comparable with the aperture diameter. 33 This limits the applicability of the IR NSOM to a superficial depth of ϳ300 nm.
For films that are thicker than 300 nm, some far-field contributions exist in the IR NSOM images. 16 However, due to the angular spread of the light, these contributions are efficiently averaged in the far field and in many cases will be negligible. For example, for a linear scan of 10 m, and considering an emitting dipole-type angular distribution at 100 m from the surface, the diameter of the irradiated area is ϳ400 m. The maximum modulation of the total signal, from one side of the scan to another and due to features present in this plane, is only 1/40 2 ͑ϳ0.6%͒.
IR NSOM spectroscopy
The relatively small tuning range of the available IR laser does not yet allow for detailed spectroscopic studies. Tuning the wavelength on and off the OH absorption band will alter the image contrast, as expected from far-field measurements. The average behavior of the IR NSOM contrast at two different regions of the spectrum is depicted in Fig. 10 , where 2 m/2 m line/space features were imaged in the constant gap mode ͑shear-force feedback control͒. The chemicalsubgroup-specific probing is demonstrated by the contrast changes in the IR NSOM images. Nevertheless, we found that tuning the wavelength in small steps ͑5 nm͒ between 2.75 and 3.1 m brought about unexpectedly strong spectral variations. We found that these spectral perturbations are not related to the sample, but to the fluoride fiber. We tested a cleaved fiber at both ends ͑without a tip͒ and found that in very narrow spectral windows ͑5-10 nm͒ the fiber transmission shows changes up to 50%. The density and magnitude of the above spectral perturbations are proportional to the length of the fiber, and we suppose that they are caused by the presence of scattering/absorption centers which perturb the modal distribution, and therefore the transmission as a function of wavelength. We found a critical fiber length for this effect of ϳ200 mm. Below the critical fiber length the spectral perturbations could be neglected.
C. Topographic artifacts
It is known that samples with large surface morphology can induce topographic artifacts in optical images taken in the constant gap mode ͑with shear-force feedback, for example͒. 28, 37 The fact that we obtain wavelength-dependent contrast extinction, as shown in Fig. 10 , indicates that the topographic artifacts are limited and not deleterious. In addition, similar contrast is obtained in constant height images and in constant gap mode images. Also, the near-field contrast ratio is in agreement with the far-field contrast, and the values match well those expected from simple absorption. The complex correlation between the topography and the absorption modulation from Fig. 8 is not indicative of the prevalence of topographic effects over optical effects, because both topography and absorption have a common origin: the acid catalyzed chemistry that occurs at the postexposure bake step. Moreover, in Fig. 8 one can see that by extrapolation of the existing data a certain amount of absorption may exist even when the shrinkage is zero. When topography is present, the long wavelength and the relatively large NSOM apertures used ensure that the topographic artifacts do not display a measurable contribution.
V. CONCLUSIONS
In conclusion, near-field infrared microscopy was applied to chemically amplified resist characterization after the postexposure baking step. Using a small NA for light collection, the absorption contrast was decoupled from the refractive contrast. The infrared near-field transmission microscope uses fibers with a multiple taper structure and optimized throughput. On resist samples, the present resolution is limited by the differential detection sensitivity ͑0.05%͒ to 320 nm ͑/10͒. The IR images of polymeric resists show correlations, but also differences between the topography induced by the acid catalyzed chemistry and the characteristic IR absorption of the deprotected polymer. The differences can be noticed mainly in the region of low UV exposure doses, where negligible shrinking of the exposed zones occurs, but IR contrast persists. By correlating the IR NSOM experiments with confocal metrology it was found that the deprotection yield is different for narrow line/space patterned samples than for blank samples. The main reason is edge interference effects occurring in the UV exposure step when binary proximity masks are used.
